Abstract Intermediate-focus earthquakes are known to show features such as nondouble-couple focal mechanisms that indicate source complexities. To characterize these features, we have systematically studied the low-frequency radiation from 108 intermediate-focus earthquakes recorded by high-performance seismic networks from 1989-1997 whose total moment was Ͼ3 ‫ן‬ 10 18 N m. We determined frequency-dependent focal mechanisms and source phase and amplitude spectra for each earthquake, estimating the uncertainties for all parameters. Frequency-dependent focal mechanisms were obtained from vertical-component, free-oscillation data in 1-mHz bands over the range of 1-11 mHz. Source amplitude and phase-delay spectra were determined to 20 mHz from a combination of free-oscillation and surface-wave data. The population of intermediate-focus earthquakes in our catalog is not equally divided between compressional and tensional stress-release mechanisms; instead, 59% are down-dip tensional, 25% are down-dip compressional, and 16% are neither. We have assessed the statistical significance of any non-double-couple component of the source for every earthquake in the catalog. We represent a deviatoric focal mechanism by its principle axes and a scalar n that ranges from ‫,1מ‬ for a compensated linear vector dipole (CLVD) with a compressional axis of symmetry through 0 for a double couple, to ‫,1ם‬ for a CLVD with a tensional axis of symmetry. n varies from ‫19.0מ‬ to ‫46.0ם‬ in this dataset. Fifty-six of the 108 events have a significant CLVD component (n ϶ 0) at the 95% confidence level; 15 events have an unusually large CLVD component of the focal mechanism (|n| Ն 0.4). We do not observe a correlation between the CLVD component and seismic moment or depth. T-type CLVD mechanisms correlate weakly with slab stress state, but no correlation was similarly found for P-type CLVD events. Seven earthquakes in the catalog are slow or compound, and three show strong frequency dependence of the moment tensor.
Introduction
Intermediate-focus earthquakes present several unsolved problems. Their focal mechanisms indicate that they are brittle shear failures like shallow earthquakes, but the lithostatic stress is too great at intermediate depths for ordinary stick-slip instabilities (Griggs and Handin, 1960; Brune, 1968) . They may require dehydration embrittlement (Frohlich, 1989; Meade and Jeanloz, 1991; Peacock, 2001) or other weakening mechanisms related to phase transitions (Knopoff and Randall, 1970; Green and Burnley, 1989; Houston and Williams, 1991; Green and Houston, 1995; Frohlich, 1994) , but there is little evidence to confirm this. Nevertheless, they have proven useful in mapping the stress field in descending lithospheric slabs. The classic work by Isacks and Molnar (1971) developed the model of slabs as stress guides, in which a principal axis of the focal mecha-*Present address: Department of Geosciences, Penn State University, University Park, Pennsylvania. nism parallels the inferred dip angle of the subducting slab. This model predicts that down-dip compressional events are caused by compressive stresses in deep slabs resulting from increased resistance to further penetration into the mantle, whereas the negative buoyancy of shallow slabs creates tensional stress that is released through down-dip tensional earthquakes.
However, intermediate-focus earthquakes display some anomalous behaviors, such as double seismic zones (Sleep, 1979; Fujita and Kanamori, 1981) and non-double-couple focal mechanisms (Dziewonski and Woodhouse, 1983; Giardini, 1983 Giardini, , 1984 Kuge and Kawakatsu, 1993 ) that may not be fit easily into a simple model. Proposed explanations for non-double-couple events below shallow depths include mineral phase transitions (Knopoff and Randall, 1970; Frohlich, 1994) , slip along curved surfaces (Kubas and Sipkin, 1987; Frohlich, 1990) , or "complex faulting," in which multiple subevents with differently oriented double-couple mechanisms having one principal axis in common sum to produce a compensated linear vector dipole (CLVD) (Giardini, 1983; Frohlich et al., 1989; Riedesel and Jordan, 1989; Kuge and Kawakatsu, 1990 Frohlich, 1994; Kuge and Lay, 1994b; Frohlich, 1995) . The latter explanation is by far the most popular because it is consistent with the model of the slab as a stress guide. It predicts that the dominant principal axis (the axis of symmetry of the CLVD) coincides with the down-dip axis of the slab.
In this study, we have cataloged 108 large, intermediatefocus earthquakes that were recorded by high-performance digital seismometers from 1989 to 1997 to systematically study their source characteristics at low frequencies (0-20 mHz). We have determined moment tensors to assess the statistical significance of non-double-couple source mechanisms at this depth range, and we have measured the orientation of the principal axes of the focal mechanisms with respect to their slabs to test the model of the slab as a stress guide. We have also examined source spectra to investigate other anomalous source properties, such as slow earthquakes and frequency-dependent moment tensors.
Observations
Our catalog comprises 108 earthquakes that occurred from 1989 to 1997 and having centroid depths between 50 and 300 km and total scalar seismic moment, , Ͼ 10 18 0 M T N m. This is 10 fewer than in the Harvard Centroid Moment Tensor (CMT) catalog because we rejected events for which fewer than 10 seismograms were available, that nearly coincided in time with another large event, or that had inadequate variance reduction, indicating a low signal-to-noise ratio. Figure 1 shows a map of the earthquakes in our catalog.
For each earthquake, we compiled vertical very-longperiod digital seismograms from GEOSCOPE and the Global Seismic Network via the IRIS Data Management Center. These data were edited to 7-hr time series beginning 1 hr before the centroid time of the earthquake. They were then compared with synthetic seismograms calculated by complete normal-mode summation by using the asymptotic intramode coupling formulas of Woodhouse and Dziewonski (1984) , the source parameters of the Harvard CMT catalog, the 3D earth model SH12-WM13 of Su et al. (1994) , and the 1D reference model, PREM (Dziewonski and Anderson, 1981) , to account for radial anisotropy.
Following Jordan (1985, 1989) , we obtained 10 spectral estimates of each event's frequencydependent moment-rate tensor M(x) ‫ס‬ M T (x)M (x), in 2 Ί which M T is the total scalar moment and M (x) is the source mechanism. These estimates were made for 10 separate 1-mHz bands from 1 to 11 mHz by inverting complex-valued spectral integrals over ϳ0.1-mHz bands. Stations with low variance reduction were removed to eliminate noisy seismograms, nodal stations, and records with strong Coriolis coupling effects, and the inversion procedure was then repeated. When there was no significant frequency dependence of the moment tensor, we averaged the source mechanism over the 10 bands by using a least-squares procedure that accounted for the full covariance in each frequency band. The rigorous error analysis allowed us to assess the statistical significance of any non-double-couple component of the source mechanism.
Moment tensors were constrained to be deviatoric [trM(x) ‫ס‬ 0]. Each source mechanism can thus be described by three principal axes P, T, and N and a mechanism vector in which the ê i s are eigenvectors of M
that correspond to P, T, and N, and the eigenvalues (k i ) of M are ordered such that k 1 Ն k 2 Ն k 3 . Errors in , to first k order, are uncorrelated with those of the principal axes (Riedesel and Jordan, 1989) . The angular separation of from k the , the vector corresponding to a pure double-couple (DC) d source, is expressed by a scalar
p/6 which ranges from ‫1מ‬ for a pure CLVD with a compressional axis of symmetry, through 0 for a pure DC, to ‫1ם‬ for a pure CLVD with a tensional axis of symmetry. Earlier workers have expressed the non-double-coupleness of a source with slightly different measures, such as e ‫ס‬ ‫מ‬ (Giardini, 1984) and (Frohlich, 1990 (Frohlich, , 1995 . Our measure is the most conservative of the three, in that for any fixed mechanism, |n| Յ |2e| Յ |C norm | (Fig. 2) . We also obtained the amplitude spectra M T (x) in 20 separate 1-mHz bands from 1 to 21 mHz by the power-spectra inversion technique of Silver and Jordan (1982) , as well as the phase-delay spectra Dt(x) in the same 20 bands by modal cross correlation (Riedesel and Jordan, 1989) . These methods for estimating source spectra have been applied to the recovery of source-time functions by Ihmlé et al. (1993) and McGuire et al. (1996) .
Example Events
To illustrate some of the source characteristics in the catalog, we discuss the results of our data processing for 1 ‫ם‬ M T T 8 total static seismic moment, and s c , the characteristic duration of the source. We fit the phase-delay spectrum in (c) with
the centroid time shift relative to the high-frequency origin time (Jordan, 1991; Ihmlé and Jordan, 1994) .
three example events. One is an "average" event, and the other two show anomalous low-frequency properties.
Vanuatu, 11 October 1992. The Vanuatu/New Hebrides subduction zone is the source of the greatest number and largest moment release of intermediate-focus earthquakes (Astiz et al., 1988) . This earthquake from the Vanuatu slab is a typical intermediate-focus earthquake, although it is larger than most ( ‫ס‬ 1.65 ‫ע‬ 0.05 ‫ן‬ 10 20 N m). Like 0 M T nearly all events in the catalog, the source mechanism ( Fig.  3a) does not show significant frequency dependence, and it agrees well with that of the Harvard CMT solution in the 6-8-mHz range, which is the approximate frequency band sampled by the Harvard solution. The 10-band averaged focal mechanism is purely DC at the 95% confidence level, which is also true for 52 of 108 earthquakes in this study, and the T axis is within 45Њ of ŝ, the slab dip axis, like the majority of earthquakes in this study and 10 of the 16 earthquakes from this slab.
Amplitude and phase-delay spectra (Fig. 3b ,c) are stable, showing that the energy radiation is constant over this frequency range. The source-time function derived from these spectra is consistent with moment release beginning at the high-frequency origin time of the earthquake. 125 km). Average focal mechanism is shown in (a); anomalous amplitude (b) and phase-delay (c) spectra indicate that this event has a slow precursor. In (b), the black line is fit from 1-11 mHz, and the grey line is fit from 11-21 mHz. Symbols are as in Figure 3 . source does not have unusual spectral characteristics at low frequencies (Fig. 4) . However, this event has an anomalously large CLVD component (n ‫ס‬ ‫477.0מ‬ ‫ע‬ 0.004). The negative value of n and the symmetric zonal pattern in the beachball diagram about the P axis indicate a "P-type" CLVD (Fig. 4a) . We note, however, that this event occurs in a slab that releases moment predominantly in down-dip tension. This is a significant observation, because if the slab acts as a stress guide, the axis of symmetry of a CLVD event should correspond to the mode of strain release in the slab, which is not the case for this event.
Northern Peru, 28 October 1997 . This earthquake also occurred in the Nazca subduction zone. The 95% confidence ellipse for the vector includes the pure DC vector ( ), and d the source shows no frequency dependence (Fig. 5a ). Like the majority of earthquakes in the Nazca subduction zone, the T axis is close to the slab dip axis (ŝ ∠T ‫ס‬ 17Њ). It does have an anomalous amplitude spectrum (Fig. 5b) , which rolls off by about 50% from 1-6 mHz and then continues at a nearly constant value out to 20 mHz. The characteristic Figure 6 . 03 December 1989 Peru event (7.37Њ S, 74.27Њ W, 151 km). Neither the amplitude spectrum (a) nor the phase-delay spectrum (b) indicates anomalous low-frequency behavior, such as that seen for the event in Figure 5 . Symbols are as in Figure 3. duration derived from the slow component (Ͻ6 mHz) s c ‫ס‬ 43.8 ‫ע‬ 1.7 sec. This type of kinked spectrum has been observed for another intermediate-focus earthquake in this region (Jordan, 1991; Harabaglia, 1993) . Such spectra are also observed for some large earthquakes on oceanic transform faults and have been interpreted to be compound events (Ihmlé and Jordan, 1994; McGuire et al., 1996) .
The phase-delay spectrum is nearly flat, and Dt 1 ‫ס‬ 8.7 ‫ע‬ 1.2 sec.
‫ס‬ 9.1 ‫ע‬ 0.34 ‫ן‬ 10 19 N m. We applied the 0 M T same inequalities described in Jordan (1991) and found that this event, too, requires a slow precursor, that is, significant moment release must have preceded the high-frequency origin time. Detection of precursory slip remains a controversial issue. Recently, Abercrombie and Ekström (2001) have argued that observed precursors for large, oceanic transformfault events are artifacts resulting from uncertainties in source depth. We recalculated the spectra for this event at several different depths within 25 km of the depth determined by the Harvard CMT catalog (125 km) and found no appreciable change in our results. Furthermore, other nearby events in this catalog do not require a precursor (compare the spectra for the nearby event of 3 December 1989 in Fig.  6 ); therefore, we do not believe this observation results from modeling errors, such as incorrect depth or Coriolis coupling, nor from anomalous wave-propagation effects.
Comparison with the Harvard CMT Catalog
For the 108 events in this catalog, our determination of correlates well (correlation coefficient ‫ס‬ 0.99) with the 0 M T moment reported by the Harvard CMT catalog (Fig. 7a) . Our measurement is generally slightly higher (ϳ6%) because it is a lower-frequency measure. We performed an error analysis in which we assumed that the Harvard CMT catalog error is some multiple of our error and then determined the ratio of the residual between our measure and the Harvard CMT measure and our known error estimate. On the basis of these calculations, we infer that the standard CMT errors are approximately 3.8 times as large as ours. There is a greater scatter between our measure of Dt 1 and the half-duration of the source determined by the Harvard CMT catalog (Fig. 7b) . Based on the same error analysis as previously described, the Harvard CMT uncertainty is 3.6 times the size of ours, yielding an expected variance of Dt 1 of 13.5 sec. The average residual between the measures in each catalog is 1.3 sec. Therefore, the two measures agree within each one's uncertainty estimates. We also compared the value of n determined from the 10-band average of frequency-dependent moment tensors from 1 to 11 mHz with that determined from the Harvard CMT catalog moment-tensor solution (Fig. 7c) . The few large discrepancies are generally small events and/ or events with poor azimuthal station coverage. The same error analysis yields an expected catalog variance in n for Harvard of 0.02. We assume that this is the amount of scatter due to noise, and we use this information to calibrate the Harvard catalog in other depth ranges, assuming that the amount of noise present at all depth levels is the same.
To do this, we calculated n for all events in the Harvard CMT catalog from 1989 to 1997 having M 0 Ͼ 3 ‫ן‬ 10 18 N m. For shallow events, n ranges from ‫88.0מ‬ to 0.71 with a mean of 0.00 ‫ע‬ 0.20 and a variance of 0.04; for intermediate-focus events, it ranges from ‫08.0מ‬ to 0.59 with a mean of 0.00 ‫ע‬ 0.24 and a variance of 0.06; and for deep events, it ranges from ‫55.0מ‬ to 0.26 with a mean of ‫60.0מ‬ ‫ע‬ .17 and a variance of 0.03. Using our previous result for variance in the Harvard CMT catalog due to noise at intermediate depth ranges, 0.02, we estimate that the true variances are 0.02, 0.04, and 0.01 for shallow-, intermediate-, and deep-focus events, respectively. Therefore, intermediatefocus earthquakes do show greater deviation from the double-couple model of the source than do deep and shallow events for large seismic moments.
Spectral Properties
We obtained phase-delay and amplitude spectra for each event, and we determined the moment tensors in 10 separate frequency bands to observe any anomalous low-frequency behavior of these events. We found that 98 of the 108 intermediate-focus earthquakes in our catalog lack significant spectral anomalies over the frequency range of our study. The exceptions are seven events that are slow or compound with a slow subevent : 19930115, 19940314, 19941016, 19950502, 19951219, 19960222, and 19971028 ; and three that show frequency-dependent mechanisms : 19900109, 19900205, and 19900713 . Details of these sources are listed in the Appendix. We note that we used the same methods Figure 7 . Comparisons between our with the seismic moment from the Harvard 0 M T CMT catalog (a), between our Dt 1 and that of the Harvard CMT catalog (b), and between our n and that calculated from the Harvard CMT moment tensor (c). In (a), the correlation between the two measures is 0.99. In (b), the straight line has a slope of 1, and the correlation coefficient is 0.83. In (c), the straight line has a slope of 1, and the correlation coefficient is 0.77. as previous studies that did find prevalent, anomalous lowfrequency behavior for oceanic transform faults (see Ihmlé and Jordan, 1994; McGuire et al., 1996) . Although we know that CLVD mechanisms are common at intermediate depths, we cannot link these CLVD mechanisms with anomalous spectral properties, because the earthquakes in our catalog rarely exhibit the latter.
Mechanism Properties
To test whether the rupture complexity indicated by non-double-couple mechanisms is linked to unusual stress fields in the slab, we cataloged the orientations of the principal axes of the focal mechanisms of all of the earthquakes in our catalog and estimated local orientation of the slab at each source's centroid location.
Principal Axes Orientation. For each earthquake in the catalog except three, we determined ŝ, the local dip angle and azimuth of the slab, based on published studies of regional seismicity. In cases where the authors contoured the seismogenic zone of the slab in depth, we used their results; otherwise, we assumed the slab followed the locations of events. References used are listed in Table 2 of the Appendix. The three omitted earthquakes (9 December 1989, Minahassa Peninsula; 18 May 1993, Philippines; and 29 September 1993, Minahassa Peninsula) occurred in extremely complicated slab environments, so the orientations of those slabs could not be determined at the location of the earthquakes.
The majority of the earthquakes in the catalog (59%) have ŝ within 45Њ of the T axis; that is, the slab dip axis is closer to the T axis than to either of the other two principal axes. Only 25% of earthquakes have ŝ within 45Њ of the P axis, while 16% have ŝ separated from both the P and T axes by Ͼ45Њ. Of the down-dip tensional events, 45 of 63 have ŝ within 30Њ of T. Only nine of the 27 down-dip compressional events have ŝ within 30Њ of P (Fig. 8) . We projected ŝ onto an eighth of a sphere spanned by the T, P, and N axes of the focal mechanism. Events for which the T axis lies close to ŝ plot near the top; those for which the P axis lies close to ŝ plot in the bottom left corner; and those for which the N axis lies close to ŝ plot near the bottom right corner (Fig. 8) .
Non-Double-Couple Mechanisms. Fifty-six of 108 earthquakes in our catalog have significant n at the 95% confidence level and 15 have |n| Ͼ 0.4. The possibility that deviation from DC is merely an artifact resulting from unmodeled velocity structures (Foulger and Julian, 1993; Tada and Shimazaki, 1994) or waveform-inversion instabilities (Kuge and Lay, 1994a ) is plausible only for shallowfocus earthquakes for which some moment-tensor components cannot be well resolved or for high-frequency waveform analyses in which the seismic wavelengths are comparable to the slab thickness. We found the variance reduction to be much higher for intermediate-focus events than for shallow-focus events processed using the same techniques, so we infer that the moment tensors are well resolved. Slab thickness does not interfere with this analysis because of the very low frequency range of this study. In addition, the lack of frequency dependence of the focal mechanism is evidence for robustness of our results.
We constrained the moment tensors of earthquakes in this study to be deviatoric, so if a source contained a significant isotropic component, it could conceivably be resolved as a CLVD component instead. To test this, we compared the solution from one of our events with large |n| to a solution that was not constrained to be deviatoric and found that the resolved isotropic part was insignificant compared with the uncertainty in n. In addition, previous analyses of earthquakes using our methods that did not constrain the moment Figure 9 . Distribution of n with respect to total moment (a) and depth (b). The horizontal line in each is n ‫ס‬ 0.
tensor to be deviatioric also did not find evidence for significant isotropic source components (Riedesel and Jordan, 1989) .
For the earthquakes in our catalog, n does not correlate strongly with the other source properties that we measured, including seismic moment, depth of rupture, source duration, and rupture velocity. The distribution of n for the earthquakes in this study is shown with respect to their total moment (Fig. 9a) and depth (Fig. 9b) . The magnitude of n appears to deviate less from the DC model as total moment increases, but this is actually not significant compared with the level of noise in the data for earthquakes with
19 N m. No trend in the distribution of n with depth is apparent. There is a slight (correlation coefficient ‫ס‬ 0.27) tendency for T-type CLVDs to be down-dip tensional events (Fig. 10) . Correlation between the value of n and the angular separation from the P or N axes is insignificant, given the scatter of the data. Earthquakes with large (|n| Ͼ 0.4) CLVD components do not necessarily prefer that the axis of the CLVD mechanism is also close to the down-dip direction of the slab (Fig. 11) . Half of the T-type CLVD events have the T axis within 30Њ of the slab dip axis, but none of the P-type CLVDs have the P axis that close to ŝ.
Discussion
The clearest result of this study is the lack of significant anomalies in most of the source properties that we cataloged. That having been said, we do find a large number of earthquakes whose focal mechanisms significantly deviate from the DC model. We investigated the relationship between non-double-coupleness and the slab-axis orientation to test the hypothesis that the two are related and are indicative of the complexity of intermediate-focus sources.
Previous studies have correlated slab stress regime with large CLVD components of earthquakes, for example, Giardini (1983 Giardini ( , 1984 ; Frohlich et al. (1989); Frohlich (1995) ; Kuge and Kawakatsu (1993) ; Kuge and Lay (1994b) . These investigators have proposed that the axis of symmetry of the CLVD mechanism is also the axis that corresponds to the down-dip direction of the slab and that the two should align in space. Therefore, n Ͻ 0 in compressional slabs and n Ͼ 0 in tensional slabs. This idea is supported by regional analyses of focal mechanisms in which source regions are dominated by a singular orientation of one of the three principal axes. For example, Fischer and Jordan (1991) showed cases in which two axes of a focal mechanism rotate randomly about the plane that is perpendicular to the slab-aligned dominant axis. Therefore, a summation of moment tensors from events in such a region produces a CLVD solution. Following this logic, one earthquake with a large CLVD component would likely be due to summation of mechanisms of some number of subevents, with one consistent principal axis but different positions of the other two. Evidence consistent with this hypothesis includes the study by Kuge and Kawakatsu (1992) , in which three events (two deep events in the Japan subduction zone and one intermediate-focus event from the Philippines) with large CLVD component were decomposed into separate DC subevents with varying geometries about one mean stress axis. If all CLVD sources are produced this way, then source regions with greater subfault distributions may be expected to produce most of the earthquakes with large CLVD components, and the dominant CLVD axis in these events should align with the downdip axis of the slab.
Visual inspection of Figure 11 shows that this hypothesis does not prove to be valid on a global scale. Here we show only events with |n| Ͼ 0.4. Triangles are T-type events and squares are P-type events. The subevent summation hypothesis predicts that the triangles should be located at the top of the diagram and the squares should be located at the bottom left of the diagram. Six of eight of the T-type CLVD events have their T axis within 45Њ of the slab dip axis, and four of these are within 30Њ. Only three of seven P-type CLVD events have their P axis within 45Њ of the slab dip axis, and none of these are within 30Њ (Fig. 11) . Therefore, the majority of T-type CLVD events can be explained by subevent structure in a uniaxial stress field, but P-type CLVD events are likely caused by another manner of 3D event complexity.
We tested this hypothesis further by searching the Harvard CMT catalog for smaller events within 50 km of the 15 events in this study with |n| Ͼ 0.4 and made composite focal mechanisms by summing their normalized moment tensors. Only nine had enough nearby events (10 or more) to make this approach reasonable. In general, the position of the principal axes were consistent between the CLVD event and its composite mechanism for the T-type events, but not for the P-type events (see Fig. 12 ). In most cases, the composite mechanisms were DCs; thus, the stress fields at intermediatefocus depths do not appear to be uniformly uniaxial. An exception to this is the 11 July 1991 Banda Sea event shown in Figure 12 , in which both the actual event and its composite mechanism are T-type CLVDs. This event is the best example of successful subevent summation in this catalog. Most P-type CLVD events, including the 16 September 1995 Solomon Islands event in Figure 12 , occur not in regions of dominant down-dip compression but in regions where there is a mix of tensional and compressional events. Therefore, local peculiarities in the stress field provide better explanation for the cause of P-type CLVD events.
Conclusions
We have cataloged the properties of large, intermediatefocus earthquakes at low frequencies to characterize the nature of these sources and enable comparison with other populations of well-studied earthquakes. We find that in general, the vast majority of the intermediate-focus earthquakes that we studied are well described by ordinary rupture processes and simple source-time functions, except for seven events with slow rupture components. We found no frequency dependence of the moment tensor for all but three events. However, more than half (52%) of the events we studied significantly deviate from the DC model of shear failure on a planar fault. Therefore, there is undoubtedly some manner of complexity in the source of these earthquakes that is not resolved by low-frequency spectral properties. The subevent summation hypothesis can explain six of eight T-type CLVD events with n Ͼ 0.4 but only three of seven P-type CLVD events with n Յ ‫.4.0מ‬ We therefore infer that there is not Figure 12 . T-type CLVD event and its composite mechanism summed from 83 other sources (top two), and P-type CLVD event and its composite mechanism summed from 34 other sources (bottom two). The T-type event and its composite match well, but the P-type and its composite do not, which is typical in this catalog.
one simple explanation that encompasses every CLVD mechanism at intermediate-focus depths. Perhaps each anomalous event is produced by the 3D complexity of rupture induced by local peculiarities of the slab's stress field. In this case, detailed regional studies of smaller events in the areas where most of the anomalous earthquakes in this catalog occur may help characterize the regional stress-field anomalies that produce non-double-couple behavior. This undertaking requires a different methodology than that in this study, since the low-frequency techniques presented here are not useful at Ͻ 10 18 N m. 
